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The action of Ca2+ on H202 formation catalyzed by an NADPH-dependent H,O,-generating system was 
studied in a thyroid particulate fraction. It was shown that H202 formation was inhibited by EGTA and 
restored in the presence of micromolar concentrations of free Ca2+, and that Mg*+ was unable to restore 
the activity of the EGTA-inhibited particulate fraction. Consequently, NADPH-dependent H202 formation 
requires Ca2+, and the Ca2+ stimulation of this process is specific and reversible. 
Hydroperoxide production 
1. INTRODUCTION 
Thyroid hormone biosynthesis involves iodina- 
tion of thyroglobulin tyrosyl residues and coupling 
of certain iodotyrosyl residues to form hormones. 
These two reactions are only catalyzed by thyroid 
peroxidase in the presence of H202. In thyroid 
slices, Ahn and Rosenberg [l] showed that 
availability of Hz02 was the limiting factor in pro- 
tein iodination and thyroxin formation, and could 
be regulated by TSH. Since stimulation of iodina- 
tion by TSH required Ca2+ [Z] the possible involve- 
ment and the role of this cation in t-I202 formation 
had been investigated. 
I-I202 production was shown in thyroid slices 
[3,4] and open follicles [S]; Bjorkman and Ekholm 
suggested that as it is a strong oxidizing com- 
pound, it could be produced by an NADPH ox- 
idase located in the apical plasma membrane where 
iodination occurs [6,7]. 
These workers recently showed that Hz02 
release from open follicles was enhanced by the 
ionophore A231 87 in the presence of Ca2* [5], and 
that this accelerated production of Hz02 was suffi- 
cient to increase protein iodination IS]. Their 
results suggested the existence of a Ca*+-regulated 
Hz02 production. 
NADPH Ca2+ Thyroid 
Virion et al. (91 described an NADPH- 
dependent H202-generating system in a thyroid 
particulate fraction. The experiments described 
here show that NADPH-dependent Hz02 produc- 
tion by this fraction is Ca2+ dependent. 
2. MATERIALS AND METHODS 
2.1 . Materials 
The chemicals were obtained from the foIlowing 
sources: grade I scopoletin (7-hydroxy-6-methox- 
ycoumarin) from Sigma, and horseradish perox- 
idase (HRP), and NADPH from Boehringer. 
2.2. Experimental procedures 
2.2.1. Preparation of the thyroid particulate 
fraction 
Fresh pig thyroid glands were obtained from 
Sorga and conveyed to the laboratory on ice. All 
steps were carried out at about 2°C. After removal 
of the connective tissues, the glands were cut into 
small pieces and suspended in 5 vols of 0.25 M 
sucrose, 50 mM phosphate buffer, pH 7.20, and 
1 mM EGTA. The suspension was then 
homogenized with an Ultra-turrax for 1 min. The 
homogenate was filtered through 6 layers of 
cheesecloth and centrifuged at 1100 x g for 15 min 
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in a Sorvall SS34 rotor. The pellet was washed 
once in 0.25 M sucrose, 50 mM phosphate buffer, 
pH 7.2, and 1 mM EGTA. The fina pellet, PllOO, 
was resuspended in the same buffer (10 ml per 10 g 
initial fresh tissue). This particulate fraction was 
either tested fresh or frozen as 1 ml aliquots for 
storage. 
2.2.2. Determination of protein concentrations 
Protein concentrations were determined accord- 
ing to Bradford [IO]. Before measurement, particle 
proteins were solubilized by incubation in 1 N 
NaOH for 30 min at 20°C. 
2.2.3. Measurement of NADPH-dependent 
HzOz-generating system activity 
Particulate proteins (100-500 pug) were in- 
cubated at 30°C in 1 ml of 10 mM phosphate buf- 
fer, pH 7.2, 1 mM azide and 100 mM KC1 in the 
presence of various concentrations of EGTA and 
CaClz. 1 mM azide was sufficient for complete in- 
hibition of the catalase activities of the particulate 
fraction. The reaction was started by addition of 
100 FM NADPH. Incubation medium aliquots of 
100&l were collected at different intervals and 
added to 10 pl of 1.2 N HCl to stop the reaction, 
and their Hz02 content was then measured. The 
initial rate of Hz02 formation was determined in 9 
aliquots from each assay. 
Determination of total Hz02 production re- 
quired the addition of azide to inhibit catalase ac- 
tivities. Hz02 formation could be measured by the 
iodination of NADPH itself when the system is 
supplemented with lactoperoxidase and iodide [9] 
but the azide concentrations used partially inhibit 
Iactoperoxidase. Consequently, a modification of 
the old scopoletin method was improved. 
2.2.4. Determination of Hz02 by the scopoletin 
method 
NADPH-dependent Hz02 formation was mea- 
sured by the decrease in scopoletin fluorescence in 
the presence of HRP in a Perkin Elmer MPF 43 A 
spectrofluorimeter. The excitation wavelength was 
360 nm and the emission wavelength, 460 nm. 
NADPH is a substrate for peroxidase in the 
presence of scopoletin and interferes in Hz02 
determination [9]. However, it is rapidly destroyed 
when HCI is added in order to stop Hz02 forma- 
tion. Under these conditions, Hz02 remains stable 
108 
for several hours. Here, fluorescence was 
measured just after addition to the sample of 1 ml 
of 0.2 M phosphate buffer (pH 7.2) containing 
0.5 PM scopoletin and 10 sg HRP. 
The final concentrations of EGTA did not in- 
terfere with fluorescence measurements. 
3. RESULTS AND DISCUSSION 
When measured as a function of temperature, 
the initial rates of Hz02 production obtained in the 
presence of free Ca2+ gave a bell-shaped curve 
characteristic of enzymatic catalysis (fig.1). Op- 
timal activity occurred at temperatures ranging 
from 30 to 37°C. 30°C was therefore chosen as the 
incubation temperature for all subsequent 
experiments. 
The initial rates of Hz02 generation were pro- 
portional to the amount of proteins (fig.2). In the 
presence of EGTA and in the absence of additiona 
Ca’+, Hz02 production was completely inhibited 
in an EGTA concentration-dependent manner. 
However, the EGTA concentration necessary to 
inhibit Hz02 production fully varied according to 
the thyroid particulate preparation. 
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Fig. 1. Effect of temperature on NADPH-dependent 
Hz02 formation. Experiments were performed at 
different temperatures under the conditions described in 
section 2, in the presence of 180 gg particulate proteins, 
50 &I EGTA and Zi?iI~M CaC12. 9 aliquots of 100~1 
were removed from each assay at different intervals to 
measure the initial rate of Hz02 production. 
Temperature in “C. 
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Fig.2. Hz02 formation in the presence and absence of 
Ca2+ as a function of the protein concentration in the 
particulate fraction. Incubations proceeded at 30°C 
under the conditions described in section 2, in the 
presence of 0.25 mM EGTA and 0.3 mM CaCl2 
(M) or 0.85 mM EGTA (H). Protein 
concentrations were varied as indicated. (Inset) Hz02 
production as a function of EGTA concentration, in the 
presence of 3OOpg proteins and absence of additional 
Ca2+. 
In the presence of 0.5 mM EGTA, addition of 
increasing concentrations of Ca’+ activated Hz02 
formation. This stimulation was observed with 
Ca2+ concentrations lower than the final concen- 
tration of EGTA (fig.3). Maximal activation was 
obtained by adding 0.4-0.5 mM Ca2+. Conse- 
quently, inhibition of Hz02 production by EGTA 
was suppressed by adding micromolar concentra- 
tions of free Ca2+. Furthermore, the Ca2+ dose- 
dependent curve showed that the activation in- 
duced by Ca2+ decreased when its concentration 
exceeded that of EGTA. Moreover, adding Mg2+ 
did not restore the Hz02 production inhibited by 
EGTA (fig.3, inset). This cation dependence of the 
H202-generating system seemed to be specific for 
Ca’+. 
In general, Ca2+ has been observed to have 
reversible or irreversible effects [l 11. Thus, it can 
trigger irreversible effects such as reactions in- 
volving Ca’+-dependent proteases or molecular 
reorganization of membranes during fusion pro- 
cesses. To test the ability of Ca2+ to promote ir- 
reversible activation, the particulate fraction 
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Fig.3. Effect of Ca2+ on NADPH-dependent Hz02 
formation. 300 pg particulate proteins were incubated as 
described in section 2.2, in the presence of 0.5 mM 
EGTA and of the final concentrations of additional 
CaCl2 indicated on the abscissa. Data represent the 
mean initial Hz02 formation rates of 4 experiments. 
(Inset) Effect of Mg’+. 300 pg particulate proteins were 
incubated in the presence of 0.5 mM EGTA and the 
final concentration of MgCl2 added as indicated on the 
abscissa. 
prepared in the presence of 1 mM EGTA was in- 
cubated with Ca2+ and NADPH. Hz02 formation 
was allowed to proceed for 10 min and an excess of 
EGTA was then added to the medium (fig.4). The 
rate of Hz02 production rapidly decreased com- 
pared to that of a control to which only buffer was 
added. Consequently, the Ca’+-activated par- 
ticulate enzymes could again be inhibited by 
EGTA. 
Our results demonstrate that Ca2+ is an absolute 
requirement for NADPH-dependent Hz02 produc- 
tion catalyzed by thyroid particulate fractions. 
Further, Ca2+ activation was shown to be reversi- 
ble and Ca2+ could not be replaced by Mg’+. 
The regulation of the intracellular concentration 
of free Ca2+ might consequently be of the utmost 
importance in the control of H202 production. In 
this connection, Hz02 release from open follicles 
was stimulated by TSH via a cyclic AMP- 
109 
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Fig.4. Inhibition by EGTA of the NADPH-dependent 
Hz02 formation catalyzed by Ca2+-stimulated 
particulate fraction. 300 pg particulate proteins were 
prepared in 50 mM phosphate buffer, pH 7.2, and 
1 mM EGTA. Hz02 formation was assayed as described 
in section 2, from 0 to 10 min of incubation with a 
further 0.1 mM EGTA and 0.2 mM CaClz. At 10 min, 
more EGTA was added, to a final concentration of 
0.7 mM (k-k), 0.5 mM (&--+) or 0.3 mM (M) 
depending on the experiment. In the control, the EGTA 
concentration was 0.1 mM. 
independent process [5]. This effect of TSH might 
be related to its activating effect on Ca2+ transioca- 
tion in dog thyroid gland which was also reported 
by Dumont et al. [12] to be cyclic AMP- 
independent. The TSH-dependent breakdown of 
phosphoinositides 1121 could be involved in these 
effects of TSH, since inositol triphosphate was 
recently shown to act by mobilizing intracellular 
Ca’+ [13]. 
The mechanism of the reversible activation by 
Ca2+ of the NADPH-dependent HzOz-generating 
system is not yet known. It could invotve Ca2+ 
binding to regulatory proteins and/or direct action 
by Ca2’ on the HzOz-generating system. 
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